Abstract We have earlier reported that the redox-active antioxidant, vitamin C (ascorbic acid), activates the lipid signaling enzyme, phospholipase D (PLD), at pharmacological doses (mM) in the bovine lung microvascular endothelial cells (BLMVECs). However, the activation of phospholipase A 2 (PLA 2 ), another signaling phospholipase, and the modulation of PLD activation by PLA 2 in the ECs treated with vitamin C at pharmacological doses have not been reported to date. Therefore, this study aimed at the regulation of PLD activation by PLA 2 in the cultured BLMVECs exposed to vitamin C at pharmacological concentrations. The results revealed that vitamin C (3-10 mM) significantly activated PLA 2 starting at 30 min; however, the activation of PLD resulted only at 120 min of treatment of cells under identical conditions. Further studies were conducted utilizing specific pharmacological agents to understand the mechanism(s) of activation of PLA 2 and PLD in BLMVECs treated with vitamin C (5 mM) for 120 min. Antioxidants, calcium chelators, iron chelators, and PLA 2 inhibitors offered attenuation of the vitamin Cinduced activation of both PLA 2 and PLD in the cells. Vitamin C was also observed to significantly induce the formation and release of the cyclooxygenase (COX)-and lipoxygenase (LOX)-catalyzed arachidonic acid (AA) metabolites and to activate the AA LOX in BLMVECs. The inhibitors of PLA 2 , COX, and LOX were observed to effectively and significantly attenuate the vitamin C-induced PLD activation in BLMVECs. For the first time, the results of the present study revealed that the vitamin C-induced activation of PLD in vascular ECs was regulated by the upstream activation of PLA 2 , COX, and LOX through the formation of AA metabolites involving oxidative stress, calcium, and iron.
Introduction
Redox-active antioxidants of dietary origin have gained prominence not only in the human nutrition but also in pharmacology, preventive medicine, and therapeutics [1] . One such redox-active antioxidant, vitamin C (ascorbic acid), is an essential water-soluble vitamin, well known for its antiscorbutic and antioxidant functions in humans and its importance as a therapeutic agent in several pathological states, including the cardiovascular diseases [2] [3] [4] [5] [6] . Clinical trials, conducted so far, offer compelling evidence showing that vitamin C at pharmacological doses (mg -*g), administered into circulation, elevates the circulating concentrations of the vitamin to mM levels, and causes the modulation of vasodilation and vascular tone in humans [6] . The role of cigarette smoke products has been implicated in the alterations of pulmonary vascular endothelium and associated pulmonary hypertension in chronic obstructive pulmonary disease [7] . Infusion of vitamin C into circulation at a dose of 10 mg/min for 120 min has been shown to improve the impairment of endothelial function in smokers [8] . Besides its antioxidant action, vitamin C also acts as a prooxidant, thus generating reactive oxygen species (ROS) and leading to oxidative stress [6] . The endothelium, a critical player in maintaining the integrity and function of the blood vessel, is an immediate target for the elevated circulating levels of prooxidant vitamin C. Hence, in our earlier study, the bovine lung microvascular endothelial cells (BLMVECs) have been used as the most appropriate model EC system, and the study has shown that vitamin C at pharmacological doses (mM) causes oxidative stress and loss of redox-dependent cell viability [6] .
Phospholipases are membrane phospholipid hydrolases, which catalyze the generation of the bioactive lipid second messenger molecules, capable of playing crucial roles in cellular signaling [9] . Phospholipase D (PLD), an important member of the lipid signaling enzyme family, ubiquitously present in the mammalian cells, preferentially hydrolyzes phosphatidylcholine (PC) to generate phosphatidic acid (PA) and choline wherein the former is converted into several bioactive lipids [10] [11] [12] . Activation of PLD induced by agonists is a critical modulator of mammalian cellular signaling [10, [13] [14] [15] .
Phospholipase A 2 (PLA 2 ) is another important membrane phospholipid-hydrolyzing enzyme that cleaves membrane phospholipids at the sn-2 position to release the free unsaturated fatty acid and lysophospholipid [16] . The unsaturated fatty acid thus released, typically arachidonic acid (AA), acts as a substrate for cyclooxygenases (COXs) and lipoxygenases (LOXs), which catalyze the formation of the potent bioactive AA metabolites including prostaglandins (PGs) and leukotrienes (LTs) which actively participate in the inflammatory cascades under the tight regulation of PLA 2 [16] [17] . PLA 2 , a very important housekeeping enzyme in membrane formation and repair, and its involvement in downstream AA metabolites in cardiovascular diseases have been gaining attention [17] [18] [19] .
Studies have revealed that oxidants such as the ROS induce the activation of PLD in different cell systems including the vascular ECs and smooth muscle cells [14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Earlier, we have shown that vitamin C, at pharmacological doses, induces activation of PLD in BLMVECs through the oxidative stress and signaling cascades [31] . Reports have been made that oxidants and oxidative stress also induce the activation of PLA 2 [32, 33] . However, the activation of PLA 2 and the subsequent induction of formation of COX-and LOX-catalyzed bioactive AA metabolites by vitamin C, at pharmacological doses in the vascular ECs, have not been reported so far. Although the regulation of agonist-induced PLD activation is complex, the roles of PLA 2 and COX-and LOX-catalyzed AA metabolites in the vitamin C-induced activation of PLD in vascular ECs have not been shown thus far [10, [34] [35] [36] . Therefore, in the current study, we investigated the regulation of vitamin C-induced PLD activation in the vascular BLMVECs by the upstream activation of PLA 2 and formation of the COX-and LOX-catalyzed AA metabolites. For the first time, the results of the current study revealed that the vitamin C-induced activation of PLD in the vascular ECs was regulated by the upstream activation of PLA 2 (AA release) and formation of COX-and LOX-catalyzed metabolites. 
Materials and methods

Materials
Cell culture
BLMVECs were grown to confluence in MEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin and streptomycin, 5 lg/ml endothelial cell growth factor, and 1% nonessential amino acids at 37°C in a 95% air-5% CO 2 atmosphere as described earlier [31] .
BLMVECs, from passages 7 to 15, were used in the experiments. ECs from each primary T-75 cm flask were detached with 0.05% trypsin, resuspended in fresh medium, and sub-cultured in 35 mm or 60 mm sterile dishes or T-75 cm sterile flasks in complete medium to *95% confluence under 95% air-5% CO 2 at 37°C for treatment with vitamin C (L-ascorbic acid) and desired pharmacological agents. MEM containing vitamin C and other pharmacological agents were carefully adjusted to pH 7.4 for cellular treatments.
Phospholipase D activation in intact ECs
BLMVECs in 35-mm dishes (5 9 10 5 cells/dish) were prelabelled with [
32 P]orthophosphate (5 lCi/ml) in DMEM phosphate-free medium containing 2% fetal bovine serum for 12-14 h [31] . Cells were washed with MEM and incubated at 37°C in 1 ml of MEM containing 0.05% butanol in the absence and presence of desired concentrations of vitamin C (mM) for different lengths of time (0-120 min) under a humidified 95% air-5% CO 2 atmosphere. In some experiments, wherever required, ECs prelabelled with [ 32 P]orthophosphate were pretreated for 1 h with the selected pharmacological inhibitors prior to the exposure to MEM alone or MEM containing vitamin C alone or MEM containing vitamin C plus the selected pharmacological inhibitor(s) at the desired concentrations for 2 h. The incubations were terminated by the addition of methanol:conc. HCl (100:1, by vol.). Lipids were extracted essentially according to the method of Bligh and Dyer procedure as described previously [23, 31] . The [ 32 P]-labeled phosphatidylbutanol (PBt) formed from the PLD activation and transphosphatidylation reaction, as an index of PLD activity in intact cells, was separated by the thinlayer chromatography (TLC) [23, 31] . Radioactivity associated with the [ 32 P]-PBt was determined by the liquid scintillation counting, and data were expressed as DPM normalized to 10 6 counts in the total cellular lipid extract.
Assay of release of arachidonic acid and PLA 2 activation
Release of AA from the cellular membrane phospholipids is widely assayed as an index of PLA 2 activity [18, 37] . BLMVECs in 35-mm dishes (5 9 10 5 cells/dish) were labeled with carrier-free [ 3 H]AA (5 lCi/ml) in complete EC media containing 10% FBS, nonessential amino acids, antibiotic, and growth factor for 12 h at 37°C in 5% CO 2 -95% air. The radioactive medium was removed by aspiration, cells were thoroughly washed twice with prewarmed MEM (1 ml each time), and cells were incubated in MEM alone or MEM containing vitamin C (mM) at the desired concentrations for specified lengths of time (0-120 min). Wherever required, ECs prelabelled with [ 3 H]AA were pretreated for 1 h with the selected pharmacological inhibitors prior to the exposure to MEM alone or MEM containing vitamin C alone or MEM containing vitamin C plus the selected pharmacological inhibitor(s) at the desired concentrations for 2 h. At the end of the incubation period, the amount/extent of AA released into the medium, as an index of PLA 2 
Assay of lipoxygenase activity
The in vitro activity of AA LOX in BLMVECs was assayed utilizing the standard spectrophotometric method to determine the extent of formation of conjugated dienes in the substrate (AA) according to Khanna et al. [38] . Following the treatment of BLMVECs with vitamin C (0-10 mM) in MEM in 35-mm dishes (5 9 10 5 cells/dish), the cells were detached with a cell scrapper and lysed in Tris-HCl (100 mM, pH 7.4) buffer. The final assay mixture (1 ml) contained 10 lM of AA and cell lysate (500 lg of protein) in 100 mM Tris-HCl buffer (pH 7.4). At the end of 5 min of incubation at 37°C, absorbance of the reaction mixture was measured at 234 nm (conjugated diene formation) against appropriate blanks. The activity of AA Lox was expressed as the conversion of AA into conjugated dienes (absorbance at 234 nm) by the enzyme in the cells.
Statistical analysis of data
Standard deviation (SD) for each data point was calculated from triplicate samples. Data were subjected to one-way analysis of variance and pair-wise multiple comparisons were done by Dunnett's method with the significance set at P \ 0.05.
Results
Vitamin C activates PLA 2 in dose-and time-dependent manner The release of AA by BLMVECs upon treatment with vitamin C was determined as the index of PLA 2 activity. Our initial study revealed that only vitamin C (5 mM), but none of its analogs at the same concentration (dehydroascorbic acid, vitamin C phosphate, vitamin C sulfate, and D-gluconic acid lactone, the precursor of vitamin C), caused a significant activation of PLA 2 (6.5-fold increase of AA release as compared to the vehicle-treated control cells) in BLMVECs at 120 min of incubation (Fig. 1A) . The results of this experiment also suggested that (i) the ene-diol structure of vitamin C was essential for PLA 2 activation and (ii) the vitamin C-induced activation of PLA 2 could not be attributed to the osmotic stress caused by the vitamin at pharmacological concentrations utilized in this study as none of the vitamin C analogs with similar molecular weight was effective in causing the enzyme activation to the similar extent as caused by vitamin C at the same tested concentration. As shown in Fig. 1B , vitamin C induced the activation of PLA 2 in a doseand time-dependent fashion. Even at 30 min of treatment, vitamin C (3, 5, and 7 mM) significantly induced PLA 2 activation as compared to the same in vehicle-treated control cells. At 90 min of treatment of cells, vitamin C induced a significant activation of PLA 2 (3.3-, 2.7-, and 3.5-fold increase in AA release at 3, 5, and 7 mM of vitamin C, respectively) as compared to the same in the vehicle-treated control cells. At 120 min of exposure of cells to vitamin C, a significant dosedependent increase in the activation of PLA 2 was noticed (4.2-, 5.2-, and 7.5-fold increase in AA release at 3, 5, and 7 mM of vitamin C, respectively) as compared to the same in the vehicle-treated control cells (Fig. 1B) .
Antioxidants attenuate vitamin C-induced PLA 2 activation
As we have shown earlier that vitamin C induces PLD activation in BLMVECs through ROS generation [6] , here, we investigated whether ROS were involved in the vitamin C-induced activation of PLA 2 in BLMVECs. The thiol antioxidant, N-acetylcysteine (NAC, 1-10 mM), phenolic Vitamin C and Analogs Time of Incubation (min)
Vitamin C (7 mM) * * * antioxidant, propyl gallate (0.1-5 mM), and catalase (0.1-1 mg/dish), significantly and effectively attenuated the vitamin C (5 mM)-induced PLA 2 activation (AA release) ( Fig. 2A-C) . The antioxidants were highly effective in keeping the activation of PLA 2 in the vitamin C-treated cells at the same basal extent of activation observed in the vehicle-treated control cells. The results also revealed that ROS (including H 2 O 2 ) were involved in the vitamin Cinduced activation of PLA 2 in BLMVECs.
Calcium chelators and PLA 2 inhibitors attenuate vitamin C-induced PLA 2 activation
As calcium is essential for the activity of cPLA 2 , here, we investigated the role of calcium in the vitamin C-induced PLA 2 activation. As shown in Fig. 3A , the intracellular calcium quencher, BAPTA, was more effective even at the tested dose of 10 lM in almost completely and significantly (48% of inhibition) attenuating the vitamin C (5 mM)-induced PLA 2 activation at 120 min of treatment as compared to the effectiveness of the extracellular calcium chelator, EGTA (1 and 2 mM), which caused 20% of attenuation of the same in BLMVECs. These results revealed that although extracellular calcium was involved, the role of intracellular calcium in the vitamin C-induced activation of PLA 2 in BLMVECs was clearly evident. We further investigated to establish the extent of involvement of cPLA 2 in the vitamin C (5 mM)-induced release of AA by BLMVECs by utilizing the cPLA 2 -specific inhibitor, AACOCF 3 and general PLA 2 inhibitor, quinacrine. AA-COCF 3 and quinacrine significantly caused 21.5% and 34% of inhibition, respectively, of the vitamin C-induced PLA 2 activation in BLMVECs at 120 min of treatment (Fig. 3B , C) which further suggested that in addition to cPLA 2 , other isoforms of PLA 2 , such as the iPLA 2 (calcium-independent isoform), would be also activated by vitamin C in ECs contributing to the release of AA.
Vitamin C induces PLD activation in a dose-and time-dependent manner
Earlier we have shown that vitamin C (mM) induces activation of PLD in BLMVECs [31] . Therefore, here, we investigated whether the analogs of vitamin C were also effective in activating PLD in ECs. As shown in Fig. 4A , none of the analogs of vitamin C (dehydroascorbic acid, vitamin C sulfate, vitamin C phosphate, and D-gluconic acid lactone), at the same concentration as that of vitamin C (5 mM) utilized, were effective in inducing the PLD activation in BLMVECs, whereas only vitamin C caused a significant activation of PLD (8-fold increase as compared with the vehicle-treated control cells). These results revealed that, as in the case of PLA 2 activation, for PLD activation also (i) the ene-diol structure of vitamin C was essential and (ii) also the enzyme activation was not due to the osmotic effect caused by the mM concentrations of vitamin C utilized in the current study, because none of the vitamin C analogs with similar molecular weights at the same tested concentrations were effective in inducing PLD activation in BLMVECs. More importantly, the activation of PLA 2 was evident as early as 30 min of treatment of cells with the vitamin (Fig. 1B) , whereas significant, effective, and dose-dependent activation of PLD (9.6-, 18-, and 22-fold increase at 3, 5, and 10 mM doses of vitamin C) was only seen at 120 min of treatment of cells with vitamin C as compared to the same in cells exposed for 0 min to vitamin C (Fig. 4B) . These results clearly indicated that the activation of PLA 2 preceded the activation of PLD in BLMVECs exposed to vitamin C and further suggested a signaling role of PLA 2 or its downstream AA metabolites in the regulation of PLD activation.
Antioxidants and iron chelators attenuate vitamin C-induced PLD activation
As we have reported earlier that vitamin C induces activation of PLD through ROS [6, 31] , and the current study also revealed that the vitamin C-induced activation of PLA 2 was regulated by ROS, here, we investigated the effect of antioxidants and iron chelators on the vitamin C-induced PLD activation in BLMVECs. Epigallocatechin gallate (50 lM), a well-known tea antioxidant, caused a significant attenuation (41% inhibition) of the vitamin C (5 mM)-induced PLD activation at 120 min of treatment, whereas both propyl gallate (100 lM), a phenolic antioxidant, and NAC (1 mM), the widely used thiol antioxidant, offered almost the complete attenuation of the vitamin C-induced PLD activation under identical conditions in BLMVECs (Fig. 5A, B) . The iron chelators, both desferal and DTPA (1 mM), caused a significant attenuation of the vitamin C (5 mM)-induced PLD activation (41% and 15% (Fig. 5C) . These results revealed that in addition to iron, ROS were also involved in the vitamin C-induced activation of PLD in BLMVECs.
Calcium chelators and PLA 2 inhibitors attenuate vitamin C-induced PLD activation
As the earlier experiments of this study showed that the intracellular calcium quencher (BAPTA), extracellular calcium chelator (EGTA), cPLA 2 -specific inhibitor (AA-COCF 3 ), and the general PLA 2 inhibitor (quinacrine) significantly attenuated the vitamin C-induced PLA 2 activation in BLMVECs, here, we investigated the role of calcium and PLA 2 in the vitamin C (5 mM)-induced PLD activation in BLMVECs. Although EGTA significantly caused a significant (44%) attenuation, BAPTA was more effective in significantly attenuating the vitamin C-induced PLD activation (62% inhibition) in BLMVECs treated for 120 min (Fig. 6A) . However, AACOCF 3 (1 lM) significantly caused only a 32% attenuation of the vitamin C-induced PLD activation at 120 min of exposure of BLMVECs to the vitamin, while quinacrine (10 lM) significantly caused a 58% inhibition of the same (Fig. 6B) . These results clearly revealed that (i) as in the case of vitamin C-induced activation of PLA 2 observed earlier in this study, the PLD activation induced by vitamin C was also regulated by both the intracellular and extracellular calcium and (ii) in addition to cPLA 2 , other isoforms of PLA 2 such as iPLA 2 might be involved in the regulation of the vitamin C-induced PLD activation. These results further strengthened the upstream regulatory role of PLA 2 in the vitamin C-induced activation of PLD in BLMVECs. 
Cyclooxygenase inhibitors attenuate vitamin C-induced PLD activation
As the results of the earlier experiments of the current study showed that PLA 2 (release of AA) was activated upstream of PLD activation and the latter was attenuated by the PLA 2 -specific inhibitors, and the PLA 2 -mediated release of AA provides substrate for the COX-catalyzed formation of AA metabolites such as prostaglandins, here, we investigated whether the role of COX could be involved in the PLD activation in BLMVECs exposed to vitamin C. Ibuprofen (0.1-1 mM) caused a significant and effective attenuation of the vitamin C (5 mM)-induced PLD activation in BLMVECs treated for 120 min (Fig. 7A) . Another general COX inhibitor, indomethacin, in a dosedependent fashion (0.1-1 mM), offered a significant and effective attenuation of the vitamin C (5 mM)-induced PLD activation in cells under identical conditions (Fig. 7B) . Nimesulide, another COX-2-selective inhibitor (which is also known to inhibit COX-1), in a dose-dependent fashion (20-100 lM), significantly and effectively attenuated the vitamin C (5 mM)-induced PLD activation in BLMVECs treated for 120 min (Fig. 7C) . These results clearly revealed that the COX-mediated AA metabolites were also involved in the regulation of the vitamin C-induced activation of PLD in BLMVECs. The results of the earlier experiments revealed that the vitamin C-induced activation of PLD in BLMVECs was effectively attenuated by COX-specific inhibitors, further suggesting that the COX-mediated formation of AA metabolites apparently played a regulatory role in the enzyme activation. Also, the results that PLA 2 inhibitors attenuated the vitamin C-induced PLD activation in ECs clearly indicated the involvement of AA in such PLD activation. Therefore, it was hypothesized that the LOXcatalyzed metabolites of AA from the membrane PLs could also activate PLD in the vitamin C-treated ECs. Hence, we examined the effect of LOX-specific inhibitors on the vitamin C (5 mM)-induced PLD activation in BLMVECs at 120 min of treatment of cells with vitamin C. As shown in Fig. 8A , B pretreatment of cells for 1 h with the 12-LOXspecific inhibitors, baicalein and CDC, even at 10 lM and 1 lM, respectively, almost completely and significantly attenuated the vitamin C-induced activation of PLD in BLMVECs, and further increasing the concentration of both baicalein and CDC up to 50 lM and 10 lM, respectively, did not appear to enhance the inhibition of PLD activation. Caffeic acid, the 5-LOX-and 12-LOX-specific inhibitor, upon pre-incubation for 1 h, from 20-100 lM dose, caused a dose-dependent and significant attenuation of the vitamin C-induced PLD activation in BLMVECs (Fig. 8C) . ETI, a dual 12-LOX and COX-specific inhibitor, following preincubation for 1 h, caused a significant and dose-dependent attenuation of the vitamin C-induced PLD activation in BLMVECs, but at 100 lM dose, ETI caused almost the total attenuation of the PLD activation, suggesting the involvement of both COX and LOX in the vitamin Cinduced PLD activation in cells (Fig. 8D) . These results unequivocally demonstrated that in addition to COX, LOX also played an important role in modulating the vitamin Cinduced activation of PLD in ECs through the LOX-mediated generation of AA metabolites.
Vitamin C induces release of cyclooxygenase-and lipoxygenase-catalyzed arachidonic acid metabolites and activation of lipoxygenase As the earlier experiments of the current study showed that vitamin C induced PLA 2 activation, release of AA, and COX-and LOX-specific inhibitors attenuated the vitamin C-induced PLD activation, here, we investigated whether the vitamin induced the release of COX-and LOX-catalyzed AA metabolites and activation of AA LOX in BLMVECs. As shown in Fig. 9A , C vitamin C, in a dosedependent (3-10 mM) and time-dependent (1 and 2 h) fashion induced a significant release of total PGs and 8-isoprostane. Vitamin C, under identical conditions, even at 3 mM concentration, significantly induced the release of TXA 2 (measured as TXB 2 ) which did not change either by increasing the dose of vitamin C (5 and 10 mM) or by prolonging the time of treatment of cells to 2 h (Fig. 9B ). Vitamin C (5 mM) induced significant release of LTB 4 (a LOX-formed AA metabolite) in a dose-and timedependent fashion following treatment of cells with the vitamin (3-10 mM) for 1 and 2 h (Fig. 10A) . As shown in Fig. 10B , vitamin C, even at a concentration of 3 mM, significantly induced the activation of AA LOX following incubation of BLMVECs for 2 h (Fig. 10B) . Increasing the dose of vitamin C from 3 to 10 mM did not significantly enhance the AA LOX activity in BLMVECs under identical conditions. These results revealed that vitamin C induced the release of COX-and LOX-catalyzed AA metabolites and the activation of AA LOX in ECs.
Discussion
Overall, the results of the present study revealed that vitamin C at pharmacological doses (mM) induced the activation of both PLA 2 and PLD through oxidant (ROS) and calcium signaling. Activation of both the enzymes was attenuated by the PLA 2 -specific inhibitors (general and cPLA 2 -specific), suggesting that PLA 2 activation played an upstream regulatory role in the activation of PLD in BLMVECs. Furthermore, the results of the current study also showed that mM doses of vitamin C induced the release of COX-and LOX-catalyzed AA metabolites by cells, suggesting that activation of COX and LOX in the generation of AA metabolites from the PLA 2 -released AA from membrane phospholipids in BLMVECs. More noticeably, the current study also demonstrated that both the COX and LOX played a crucial role in upstream regulation of the vitamin C-induced PLD activation in BLMVECs through PLA 2 activation and release of AA and through formation of COX-and LOX-catalyzed AA metabolites (Scheme 1). For the first time, this study demonstrated the cross talk among the lipid signaling enzymes including PLA 2 , COX, and LOX in the regulation of agonist (vitamin C)-induced activation of PLD in ECs.
Vascular endothelium plays a pivotal role in the regulation of structure and function of the blood vessel and maintains the homeostasis of the circulatory system and the entire body in general. Phospholipids of cellular membranes play an important role in the living cell as both the structural and functional entities. Phospholipases are enzymes that specifically hydrolyze the membrane phospholipids and generate bioactive lipid second messengers, which play a vital role in cellular signaling [19, 16] . Therefore, it is conceivable to hypothesize that vitamin C at pharmacological doses in circulation exerts its effects on the vascular endothelium, which in turn may contribute to the vitamin C-induced modulation/alteration of vascular functions.
Phospholipase A 2 (PLA 2 ) is an important membrane phospholipid-hydrolyzing enzyme which catalyzes the hydrolysis of the membrane phospholipids at the sn-2 position generating the free unsaturated fatty acid and lysophospholipid [16] . Thus, the unsaturated fatty acid released from the membrane phospholipids upon the action of PLA 2 , usually AA, is a substrate for COXs and LOXs, which mediate the formation of potentially bioactive AA [17] . These AA metabolites of COXs and LOXs have been identified to play crucial roles in the inflammatory cascades and are tightly regulated by the activity of PLA 2 [16] . PLA 2 is also a very important housekeeping enzyme involved in the membrane formation and repair [18] . PLA 2 has been shown to be activated by several agonists in different systems both in vitro and in vivo [17] . Roles of PLA 2 and AA metabolites in cardiovascular diseases have been emerging [19] . Therefore, unregulated PLA 2 activation mediated by agonists, such as vitamin C at mM concentrations, can jeopardize the endothelial function and eventually the vessel function. PLA 2 in mammalian systems are broadly divided into three major classes: (i) cytosolic calciumdependent PLA 2 (cPLA 2 ), (ii) intracellular calcium-independent PLA 2 (iPLA 2 ), and (iii) secretory calciumdependent PLA 2 (sPLA 2 ) [19] . PLA 2 acts on the sn-2 fatty acid esterified in the membrane phospholipids to release the unsaturated fatty acid and to generate the lysophospholipid [18] . The free AA thus generated acts as a substrate for COXs and LOXs [18] . The lysophospholipid with the alkyl group at the sn-1 position which is also generated from the membrane phospholipid upon the action of PLA 2 is converted into the platelet activating factor (PAF). As both the eicosanoids (COX-and LOXmediated AA metabolites) are potent bioactive lipids and key players in inflammation, PLA 2 is regarded as an important lipid signaling enzyme [16, 18] . Regulation of PLA 2 appears to be complex. The activity of cPLA 2 has been widely studied and shown to be regulated through phosphorylation of serine which is mediated by the mitogen-activated protein kinases (MAPKs), protein kinase A (PKA), and protein kinase C (PKC) [17] . However, the regulation of activities of iPLA 2 and sPLA 2 is not thoroughly understood. Lipid peroxidation has been shown to simulate the activity of sPLA 2 [37] . ROS have been shown to activate iPLA 2 and cause release of AA in macrophages [39] . Oxidant (hydrogen peroxide)-mediated release of AA by astrocytes has been demonstrated due to activation of cPLA 2 and iPLA 2 [40] . PLA 2 activity is regulated by cellular signaling cascades, ROS, and oxidative stress. Our earlier findings showing that vitamin C at pharmacological doses induces oxidative stress and the present study revealing that antioxidants attenuated PLA 2 activation induced by mM doses of vitamin C in BLMVECs further established that vitamin C at pharmacological doses induced PLA 2 activation in ECs through oxidative stress. The results of the present study had also shown that vitamin C at mM doses induced release of AA which was attenuated by calcium chelators in BLMVECs and cPLA 2 -specific inhibitor (AACOCF 3 ), suggesting that vitamin C induced cPLA 2 activation in EcsP. Partial inhibition of vitamin C-induced AA release by quinacrine in BLMVECs suggested activation of calcium-independent iPLA 2 .
AA metabolites including the LOX-and COX-generated prostanoids (PGs, thromboxane, and prostacyclin), hydroperoxy and hydroxy metabolites, and LTs have been identified as important inflammatory mediators in vascular endothelial dysfunction and atherosclerosis [41, 42] . Both the isoforms of COX, COX-1 and COX-2, convert AA into prostaglandin H 2 (PGH 2 ), which acts as a substrate for further metabolic conversion into TXA 2 , prostacyclin Vitamin C induces the release of cyclooxygenase-catalyzed arachidonic acid metabolites. BLMVECs (5 9 10 5 cells/35-mm dish) were treated with MEM or MEM containing vitamin C (3-5 mM) for 60 and 120 min, under a humidified atmosphere of 95% air-5% CO 2 at 37°C. At the end of the incubation period, the medium was collected and the extent of release of (A) total prostaglandins, (B) thromboxane B 2 , and (C) 8-isoprostane was measured as described under Materials and Methods. Data represent mean ± SD of three independent experiments in triplicate. * Significantly different at P \ 0.05 as compared with vehicle-treated controls (PGI 2 ), and PGE 2 in vascular cells [44, 45] . LOXs exist in three different isoforms including 5-LOX, 12-LOX, and 15-LOX, which convert AA in mammalian cells released from membrane phospholipids upon the action of PLA 2 into AA metabolites such as hydroperoxyeicosatetraenoic acids (HPETEs) and LTs [46, 47] . The LOX-derived AA metabolites act as potent bioactive lipid signaling molecules in cells including ECs [48, 49] . Isoprostanes (PG-like molecules), generated by the free radical-mediated oxidation of AA in vivo and in cellular systems, serve as biomarkers of oxidative stress [50] . One such isoprostane, 8-isoprostane, is also utilized as a marker of oxidative stress in the mammalian cells [51] . The current study also demonstrated the formation of 8-isoprostane in BLMVECs following the treatment with vitamin C at pharmacological doses, further suggesting that vitamin C-induced oxidative stress in ECs, which could also be responsible for the activation of downstream PLA 2 and PLD. Influx of calcium, activation of cPLA 2 , and release of AA have been shown to play a crucial role in COX-mediated generation of AA metabolites in the vascular ECs [43] . The results of the current study clearly revealed the vitamin C-induced formation of LOX-and COX-generated AA metabolites in BLMVEC and further suggested the activation of LOXs and COXs and formation of AA-derived inflammatory mediators in ECs by vitamin C.
In mammalian cells, two predominant isoforms of PLD, PLD 1 and PLD 2 , have been identified, cloned, and characterized [34] . Several distinct cofactors including Arf, Rho, Cdc42, phosphatidylinositol 4,5-bisphosphate, and detergents have been shown to activate PLD in vitro with an isoform specificity [31] . Oxidants including the ROS have been shown to stimulate the activity of PLD in several mammalian cell systems in culture, including the vascular smooth muscle cells and ECs [31] . Cell signaling kinases such as the p38 MAPK, extracellular signal-regulated kinases (ERKs), and Src kinase have been identified to play a role in the regulation of oxidant-mediated activation of At the end of the incubation period, the medium was collected and (A) the extent of release of LTB 4 and (B) AA lipoxygenase activity were determined as described under Materials and Methods. Data represent mean ± SD of three independent experiments in triplicate. * Significantly different at P \ 0.05 as compared with vehicle-treated controls Scheme 1 Schematic representation of the putative phospholipase signaling events mediated by vitamin C in vascular ECs PLD in the bovine pulmonary artery ECs (BPAECs) [31] . Nevertheless, the activation of PLD by different agonists has been shown to be regulated by cellular calcium, PKC, heterotrimeric G proteins, small molecular weight G proteins, protein tyrosine kinases, and protein tyrosine phosphatases [31] . Apparently, the involvement of these signal mediators in the regulation of activation of PLD is isoform-, agonist-, and cell-specific. Earlier, we have also reported that the oxidant-mediated activation of PLD in vascular ECs involves alterations in the thiol-redox status [31] . Recently, we have also shown that vitamin C at mM pharmacological concentrations causes loss of redoxdependent cell viability through oxidative stress and induces PLD activation through oxidative stress and MAP kinases in BLMVECs [6, 31] . The results of the current study revealed that the vitamin C-induced PLD activation in BLMVECs also involved calcium, ROS, and iron, which are typical players in oxidative stress.
In MC3T3-E1 cells, the PGF 2a -stimulated PLD activation has been shown to be associated with DAG formation [52] . The involvement of G proteins has been reported in the PGF 2a -induced activation of PLD in osteoblast-like cells [53] . PGD 2 , another COX-catalyzed AA metabolite, has been shown to activate PLD in osteoblast-like cells through calcium/calmodulin signaling [54] . In MC3T3-E1 cells, PGE 2 has been observed to activate PLD through the GTP-binding protein and calcium [55] . Contrastingly, in UMR-106 cells, the 12-otetradecanoylphorbol 13-acetate (TPA)-induced PLD activation has been shown to be regulated by phosphatidate phosphohydrolase/DAG lipase pathway but not by COX-generated PGE 2 [56] . A cross talk between PLD 2 and PLA 2 /COX-2-mediated PG formation in HEK293 cells has been observed [57] . Linoleate hydroperoxide generated by the soybean LOX has been reported to activate PLD in the BPAECs [23] . In rat luteal cells, the PGF 2a -stimulated PLD activation has been shown to be attenuated by the LOX-specific inhibitors (NDGA and ETYA) suggesting that LOX is involved in the PGF 2a -induced PLD activation through the generation of LOXcatalyzed AA metabolites [58] . The results of the current study were in agreement with these earlier reports that both the COX-and LOX-generated AA metabolites derived from the PLA 2 -released AA from the membrane phospholipids are key regulators in the vitamin C-induced PLD activation in BLMVECs (Scheme 1). Nonetheless, other signaling players such as protein kinases, calcium, and G proteins have not been ignored in the vitamin C-induced EC PLD activation.
The roles of phospholipases and COXs in vascular diseases and ischemic tissue injury are becoming increasingly evident [59, 60] . The three important isoforms of LOX (5-LOX, 12-LOX, and 15-LOX) have been shown to be associated with several human diseases including the myocardial diseases [46] [47] [48] [49] . The role of PLD in vascular disorders has been emerging [31] . Vitamin C, although it appears to protect the vascular endothelium, as a prooxidant induces oxidative stress in circulation at pharmacological (supra-physiological) concentrations achieved by the parenteral administration of vitamin C in humans who are critically ill [61] . As established in the current study, the activation and cross talk among PLA 2 , COXs, LOXs, and PLD to generate the bioactive lipid messengers in the cultured ECs under the treatment with vitamin C at pharmacological concentrations insist a thorough investigation with an emphasis on lipid signaling in endothelium in vivo in animal models, including humans receiving supraphysiological doses of the redox-active antioxidant parenterally. As vitamin C, at pharmacological doses, has been emerging as a pro-drug in selectively killing cancer cells , the results of the current study appear to offer insights into the effects of supra-physiological doses of vitamin C on angiogenesis in the neoplastic tissues.
